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$d$ , 2 $\ell$ , $\Gamma$ $[perp]\equiv \mathrm{r}\backslash p/d$ . 2
, $\psi(x, y, t)$ $\omega(x, y, t)$ ,
$\frac{\partial\omega}{\partial t}=$ $( \psi, \omega)+\frac{1}{Re}\mathcal{M}\omega$ , (1)
$\omega=-\mathcal{M}\psi$ , (2)
31: 2 .
$\mathcal{M}=\frac{\partial^{2}}{\partial x^{2}}+\frac{\partial^{2}}{\partial y^{2}}$, $N(f, g)= \frac{\partial f}{\partial x}\frac{\partial g}{\partial y}-\frac{\partial f}{\partial y}\frac{\partial g}{\partial x}$ (3)
. , $U$ ,
$d$ . $d/U$
. $Re\equiv Ud/lJ$ . , $lJ$ .
1 ABCD .
(AB) , .
$\psi=y$ , $\omega=0$ on AB. (4)
(AD $\mathrm{B}\mathrm{C}$) , .
$\psi=\psi_{1\}}$ $\omega=0$ on $\mathrm{A}\mathrm{D}$ ,
$\psi=\psi_{2}$ , $\omega=0$ on $\mathrm{B}\mathrm{C}$ . (5)
, $\psi_{1}$ $\psi_{2}$ . (CD)
$\frac{\partial\psi}{\partial t}+c\frac{\partial\psi}{\partial x}=0$ , $\frac{\partial\omega}{\partial t}+c\frac{\partial\omega}{\partial x}=0$ on $\mathrm{C}\mathrm{D}$ (6)
. , $c$ .
. ,
$\psi=\psi_{\epsilon}$ , $\omega=-\frac{\partial^{2}\psi}{\partial n^{2}}$ (7)
. $n$ . , $\psi_{S}$
, (1) (2) .
$\psi_{\mathit{8}}$ , 1
. ,
$\oint_{C}\nabla p\cdot tds=0$ (8)
4. , $s$ $t$ $C$ ,
. , $\nabla p$
, $C$
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(4) $-(7)$ (1) (2) ,






$\psi_{S}$ 0 , (4) $-(7)$ .
2.3
, $(\overline{\psi},\overline{\omega})$ $(\psi’,\omega’)$ ,
$\omega=\overline{\omega}+\omega’,$ $\psi=\overline{\psi}+\psi’$ . (1) ,
(10) , $\omega’$
$\frac{\partial\omega’}{\partial t}=N(\psi’,\overline{\omega})+N(\overline{\psi}, \omega’)+N(\psi’\}\omega’)+\frac{1}{Re}\mathcal{M}\omega’$ (12)
. (12) , $(\psi’)\omega’)$ ,





. , $\lambda$ . $\lambda_{\mathrm{r}}$
$\lambda_{\mathrm{i}}$ ( ) .
5$(\hat{\psi})\hat{\omega})$ ,
$\hat{\psi}=0$ , $\hat{\omega}=0$ on (AB, $\mathrm{A}\mathrm{D},$ $\mathrm{B}\mathrm{C}$ ) (15)
.
$\lambda\ovalbox{\tt\small REJECT}+c\frac{\partial\hat{\psi}}{\partial x}=0$, $\lambda\hat{\omega}+c\frac{\partial\hat{\omega}}{\partial x}=0$ on CD(16)
. .
$\hat{\psi}=0$ , $\hat{\omega}=\frac{\partial^{2}\hat{\psi}}{\partial n^{2}}$ . (17)
, (13) (14) (15)-(17) ,
. $\lambda$ , $\lambda_{k}$ ,
$(\hat{\psi}_{k},\hat{\omega}_{k}),$ $(k=1,2, \cdots)$ , . $\lambda_{h}$
$\lambda_{1\mathrm{r}}\geq\lambda_{2\mathrm{r}}\geq\cdots$ , $\lambda_{1}$ $(\hat{\psi}_{1},\hat{\omega}_{1})$
, $\lambda,$ $(\hat{\psi},\hat{\omega})$ . $\lambda_{\mathrm{r}}>0$





. , $(\psi’, \omega’)$
.
$\psi’=\sum_{m=-M}^{M}\tilde{\psi}_{m}\exp(\mathrm{i}m\Omega t)$ , $\omega’=\sum_{m=-M}^{M}\tilde{\omega}_{m}\exp(\mathrm{i}m\Omega t)$ . (18)
, $\Omega$ , $M$
. $(\psi’, \omega’)$ $\tilde{\psi}_{-m}=\tilde{\psi}_{m}^{*}$ , $m=\tilde{\omega}_{m}^{*}$ .















$\frac{\partial^{2}\xi}{\partial x^{2}}+\frac{\partial^{2}\xi}{\partial y^{2}}=P(\xi, \eta)\}$ $\frac{\partial^{2}\eta}{\partial x^{2}}+\frac{\partial^{2}\eta}{\partial y^{2}}=Q(\xi, \eta)$ . (21)
, $(\xi, \eta)$ , $P(\xi, \eta)$ $Q(\xi, \eta)$
. , $P(\xi, \eta),$ $Q(\xi, \eta)$
Steger and Sorenson [18]. $\xi$
, $\eta$ $\xi$ . , $\eta=0$
. , $\Gamma=2$ 2 .
371 $\rangle\langle$ $260$ , 002,
02 ,
3.2
, (1) (2) (4) $-(8)$
. 2
, 4 Runge-Kutta , (2)
SOR (Suecessive Over Relaxation) . $\epsilon$ ,
, $\epsilon=1.5$ .
, $(\psi, \omega)$ ,
10 .
2 $\psi$ $\omega$ $10^{-10}$
, .
73.3 SOR
( ) , SOR
. (10) (11) (4) $-(7)$ .
2 , SOR $\epsilon$ $\Gamma$ $Re$ ,
$0.3<\epsilon<0.6$ , $(\overline{\psi},\overline{\omega})$ $x$
. , $\overline{\psi}(x, -y)=-\overline{\psi}(x, y)$










, . , $\tilde{\psi}_{m}(x, -y)=$




, $L_{1}=5d,$ $L_{2}=20d$ $W=8d$ .
, $L_{1},$ $L_{2}$ $W$ ,
$St$ $C_{D1},$ $C_{D2}$
$C_{L1},$ $C_{L2}$ . $\Gamma=3,$ $Re=1\mathrm{O}\mathrm{O}$
1 . $L_{1}=5d$ $7.5d$
$St$ 07% . $C_{D2}$
, $C_{D2}$ 45% . $L_{1}=5d,$ $L_{2}=20d$
$W=8d$ , 45%
, .





$St$ $C_{D1}$ $C_{D2}$ $C_{L1}$ $C_{L2}$
(a) $L_{1}$
$(L_{2}=20d, W=8d)$
$L_{1}=5d$ 0.12191.181 -0.0421 0.1951 0.0643
$L_{1}=7.5d$ 0.12281.177 -0.0441 0.1905 0.0633
(b) $L_{2}$
$(L_{1}=5d, W=8d)$
$L_{2}=20d$ 0.1219 1.181 -0.0421 0.1951 0.0643
$L_{2}=25d$ 0.1226 1.179 -0.0433 0.1889 $0.0639$
(c) $W$
$(L_{1}=5d, L_{2}=20d)$
$W=8d$ 0.1219 1.181 -0.0421 $0.1951$ 0.0643
$W=1\mathrm{O}d$ 0.1226 1.178 -0.04310.1885 $0.0638$
, ,





$Re_{\text{ }}=46.731$ , ,
$Re_{\text{ }}=46.088$ . Re
1.4% , .
Mathis, Provansal and Boyer[19]
$Re_{c}=47.\mathrm{O}$ , Jackson [20]




, , $\Gamma=[1,6]$ ,
$\Gamma$ . , $\Gamma=2$ 4
2 , . $\Gamma$
, , $x$
92: .
Grid number $St$ $C_{D1}$ $C_{D2}$ $C_{L1}$ $C_{L2}$
$380$ $\mathrm{x}200$ 0.1219 1.1810-0.0421 0.1959 0.0640
760 $\rangle \mathrm{e}200$ 0.1224 1.1842 -0.0415 0.1986 00632
380 $\mathrm{x}400$ 01224 1.1831-0.0419 0.1966 0.0635
760 $\mathrm{x}400$ 0.1227 1.1865-0.0411 0.1994 0.0631
(a) (b)
3: ( ). $Re=60$ . $(\mathrm{a})\Gamma=2$ . $(\mathrm{b})\Gamma=4$ .
. (10) (11)








$\Gamma=2$ 4 , $Re=1\mathrm{O}\mathrm{O}$ ,
(a) (b)
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5: $\lambda_{\mathrm{r}}$ . $(\mathrm{a})\Gamma=2$ . $(\mathrm{b})\Gamma=4$ .
,
. $\Gamma=2$ 4 $4(\mathrm{a})$ $4(\mathrm{b})$ .
2 , $\Gamma=4$ $\Gamma=2$
. $\Gamma=2$ , 2
( $4(\mathrm{a})$ ). , 2
. , $Re=1\mathrm{O}\mathrm{O}$





, $\Gamma=2$ 4 ,
$Re=60$ $Re=1\mathrm{O}\mathrm{O}$ .
, .
, (10) (11) ,
$(\overline{\psi},\overline{\omega})$ , (13) (14)
(15) -(17) .
$\lambda_{\mathrm{r}}$ $5(\mathrm{a})$ $5(\mathrm{b})$ .
$\lambda$ . $5(\mathrm{a})$ $\Gamma=2$ , $5(\mathrm{b})$ $\Gamma=4$ ,
Re , $\Gamma=2$ $Re_{\mathrm{c}}=78.5,$ $\Gamma=4$ $Re_{c}=68.0$
. ,
$\Gamma=2$ $\Gamma=4$ . , 1




6: ( ). $\hat{\psi}_{\mathrm{r}}$ . $(\mathrm{a})1^{\neg}=2,$ $Re=78.2$ . $(\mathrm{b})\Gamma=4$ ,
$Re=6\mathrm{S}.0$ .
$\lambda_{\mathrm{i}}$ ,
$St$ $St=\lambda_{\mathrm{i}}/(2\pi)$ . $St$ $5(\mathrm{a})$ $5(\mathrm{b})$
, $\Gamma=2$ 0.122, $\Gamma=4$ 0.160 ,
$Re$ 3
, , $\hat{\psi}_{\mathrm{r}}$ , $\Gamma=2$ 4
$6(\mathrm{a})$ $6(\mathrm{b})$ . , $\hat{\psi}$
$6.3d$ , $(y=0)$ $\mathrm{P}_{1}$ $\hat{\psi}=1$ .
, $6.3d$ . ,
,




( ) , .
, ,
, ,
$6.3d$ $y$ $v_{1}$ .
$7(\mathrm{a})-7(\mathrm{e})$ . ,
$v_{1}$ ( , ) $Re$ .
$\Gamma=2$ 4 , $\Gamma=3,3.1$ 33
. $\Gamma=2$ ( 7(a)) , , 1
. , 1
2 42


































































































7: . (a) $\Gamma=2.0$ . $(\mathrm{b})\Gamma=3.0$ . $(\mathrm{c})\Gamma=3.1$ . $(\mathrm{d})\Gamma=3.3$ . $(\mathrm{e})\Gamma=4.0$ .
13
$Re>Re_{c}(\mathrm{B}\mathrm{C})$ . Re=Re ,
BD $\mathrm{B}\mathrm{D}’$ $v_{1}$ .
3 ( $7(\mathrm{b})$ $\mathrm{T}$ )
. $\Gamma=3.1$ 2 ,
$7(\mathrm{c})$ $\mathrm{T}_{1}$ T2 . , 3 . ,
$Re_{t2}\leq Re\leq Re_{t1}$ 2 1 ,
, . , , A
$\mathrm{D}$ $\mathrm{B},$ $\mathrm{T}_{1},$ $\mathrm{E}$ . , , $\mathrm{D}$





8: . $Re=1\mathrm{O}\mathrm{O}$ . $\Gamma=3.3$ . (a): ( $7(\mathrm{d})$ $\mathrm{Q}_{1}$ ), (b):
( $\mathrm{Q}_{2}$ ), (c): (Q3 ).
$7(\mathrm{d})$ $\Gamma=3.3$ $\Gamma=3.1$
. Re Retl $Re_{t2}$
. , $Re_{t2}$ $Re_{t1}$ Re
$\mathrm{T}_{1}$ $\mathrm{T}_{1}’$ $\Gamma=4.0$ $\mathrm{B}$ .
( $7(\mathrm{e})$ ). .
, A $\mathrm{D}$ $\mathrm{B}$ $\mathrm{E}$ ,
, , $\mathrm{D}$ $\mathrm{A}$ $\mathrm{T}_{2}$ $\mathrm{G}$
.












01 2 3 4 5 6
$\Gamma$
9: . $0$ : $(Re_{\text{ }}),$ $\triangle$ : $(Re_{t})$ . $arrow:1$
4
. $\Gamma=3.3$ , $Re=1\mathrm{O}\mathrm{O}$ 3
8 , $8(\mathrm{a})$ $8(\mathrm{b})$ $8(\mathrm{c})$ $\mathrm{Q}_{1}$ Q2 $\mathrm{Q}_{3}$
. ,
. , $7(\mathrm{d})$ , $8(\mathrm{a})$ $8(\mathrm{c})$
,
( $8(\mathrm{b})$ ) .
4.5
$\Gamma=2$ , $\Gamma=4$ , 2
.
, $1\leq\Gamma\leq 6$ , ,
Re $Re_{t1}$ $Re_{t2}$ . 9 .
$\circ$ , $\triangle$ ,
1 $Re_{\text{ }}=46.7$ .
, $\Gamma<3.4$ $\Gamma>5.5$ , $3.4<\Gamma<5.5$
. , 1 $\Gamma\sim 3.05$ ,
$3.05<\Gamma<5.5$ . ,
$\Gamma\sim 3.8$ .
$\Gamma\leq 3.1$ , 1 .













, , , $\Gamma$
, $\Gamma=3.5\sim 3.9$
, , , 1
$(Re=1\mathrm{O}\mathrm{O})$ , $\Gamma$ ,
$C_{D}$ $C_{L}$ .
. , $D$ ,
$L$ . , .
$C_{D}=2D=-2 \oint p_{b}\frac{\partial x}{\partial\xi}d\xi+\frac{2}{Re}\oint\omega_{b}\frac{\partial y}{\partial\xi}d\xi$ , (22)
$C_{L}=2L=-2 \oint p_{b}\frac{\partial y}{\partial\xi}d\xi+\frac{2}{Re}\oint\omega_{b}\frac{\partial x}{\partial\xi}d\xi$ . (23)




, $C_{D1}(\circ)$ $C_{D2}$ ( $\bullet$ )
1B
. 1 , $C_{D}$ 12\sim 14 ,
1.33[11] . 10 . $C_{D1}$
$\Gamma<3.5$ 12, $3.2\leq\Gamma\leq 6.0$ 1.34 . ,
1 . $C_{D1}$ ,
, 10 $C_{D1}$
$\Gamma\sim 3.1(\mathrm{D}_{1})$ 35 $(\mathrm{C}_{1})$ 2 . $\mathrm{D}_{1}$ $\mathrm{C}_{1}$
, $C_{D1}$ $\Gamma$ 3 . ,
. $Re=1\mathrm{O}\mathrm{O}$ , $C_{D1}$ ,
$C_{D1}$ $\Gamma$ $\mathrm{A}_{1}\mathrm{B}_{1}\mathrm{C}_{1}$ $\mathrm{E}_{1}\mathrm{F}_{1}$ . , $\mathrm{C}_{1}$
$\mathrm{E}_{1}$ . , $\Gamma$ $C_{D1}$ $\mathrm{F}_{1}\mathrm{C}_{1}\mathrm{D}_{1}$ $\mathrm{B}_{1}\mathrm{A}_{1}$
. , $\mathrm{D}_{1}$ $\mathrm{B}_{1}$ .
$C_{D2}$ . $C_{D2}$ $C_{D1}$
. $\Gamma\sim<3$
. $\Gamma$ , $C_{D2}$ $3.1<\Gamma<3.5$ 3
, $\Gamma\geq 4$ 1.1 . $\Gamma>4.0$ $C_{D2}\sim 1.0-1.1$
. , 2
. , $C_{D2}$ ,
, $\Gamma\leq 3.0$




. , , 1
0 . , ,
$C_{L}$ $C_{L1}(\circ),$ $C_{L2}$ ( $\bullet$ ) 11 $1.5\leq\Gamma\leq 6.0$ .
, $C_{L}$ $3.1<\Gamma<3.5$ 3
. $Re=1\mathrm{O}\mathrm{O}$ 1 $C_{L}\sim 0.08$ [12].
11 . $\Gamma<2.5$ ,
$C_{L1}\sim C_{L2}\sim \mathrm{O}.0-0.07$ 1 . ,
$3.1<\Gamma<3.5$ $\Gamma>4.0$ .





, 1 $St$ # $Re=1\mathrm{O}\mathrm{O}$ 0.164
[11]. 12 . 12 1




11: Q. $Re=1\mathrm{O}\mathrm{O}$ . $\circ$ : $C_{L1}$ ( ). $\bullet$ : $C_{L2}$ (
). $arrow:C_{L}$ ( $1$ ).
$\ddagger\tilde{\mathrm{o}}$
$\Gamma$
12: . $Re=1\mathrm{O}\mathrm{O}$ . $arrow:1$ St.
0.16 . $3.1<\Gamma<3.5$ ,
, .
$C_{D}$ $C_{L}$ $St$ .
13 $\mathrm{P}_{1}$ ( $3.6d$) $v_{1}$
, $v_{1}$ $\Gamma<3.0$
, $\Gamma\sim 2.5$ . , $\Gamma>4.0$ .
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